Introduction
The neurogenic Drosophila gene brainiac plays essential roles in epithelial development in the embryo and in oogenesis (1;2) . Brainiac shares sequence similarity with glycosyltransferases, together with another gene, fringe (3) . Recently it was demonstrated that fringe encodes a genuine glycosyltransferase (4;5) , raising the possibility that brainiac may also function as a glycosyltransferase In Drosophila, brainiac mutants produce defects that resemble those produced by loss of Notch function during oogenesis. Consequently, brainiac protein has been considered as a possible modulator of Notch activity (2) . Brainiac activity is required in the developing germ line for proper organization of the follicle. Some of the defects associated with loss of brainiac activity in germ line cells resemble defects associated with loss of Notch activity. Recently, the role of Notch and its ligand Delta in signaling between germ line and somatic cells has been clarified (7) . Delta is expressed in germ line cells and required for activation of Notch in somatic follicle cells at two stages of oogenesis. The scale HPLC. The structures of the di-and triglycosylceramide fractions were determined by 1 H-NMR spectroscopy and electrospray ionisation mass spectrometry to be Man 1-4Glc 1-1Cer and Gal 1- High Five cells infected with pVL-brainiac-full using thin-layer-chromatography to monitor reaction progress. The reaction products were purified by application to octadecyl-silica cartridges (Bakerbond, J.T. Baker), followed by stepwise elution with increasing concentrations of methanol in water (13) ; the product of reaction with MacCer was further purified by preparative-scale HPTLC (chloroformmethanol-0.5% aqueous CaCl 2 , 50:40:10 v/v/v), with isolation of the fraction migrating as a trihexosylceramide, prior to NMR and MS analysis as described below.
D 1 H-detected 1 H- 13 C gHSQC and gHMBC NMR spectra were acquired on the Varian Inova 600 MHz spectrometer at 20 C; a directly detected 1-D 13 C NMR spectrum was acquired on a Varian Inova 500
MHz spectrometer.
MALDI-TOF Mass Spectrometry -Molecular mass profiles of glycosphingolipids were acquired on an Axima-CFR (Shimadzu/Kratos Analytical, Manchester, England) MALDI-TOF mass spectrometer operating in positive ion reflectron mode (pulsed N 2 laser with delayed extraction; emission wavelength 337 nm; acceleration potential 5 kV). The matrix employed was 2,5-dihydroxybenzoic acid (DHB); samples were premixed with a solution of DHB (10 mg/mL) in acetonitrile-0.1% trifluoroacetic acid (1:1, v/v) prior to application and drying on the target. Molecular species were detected as their Na + adducts; angiotensin II and Pro 14 Arg were used as external mass calibration
Results
Brainiac encodes an UDP-GlcNAc: Man/ Gal 1,3GlcNAc-transferase -Expression of the full coding region of brainiac resulted in marked increase in GlcNAc-transferase activity using free DMannose in a screen assay as developed for study of the activity of Fringe (4) . Analysis of activities with monosaccharides at varying concentrations up to 500 mM with Brainiac and Fringe is shown in Figure 1 . D-Mannose was the best substrate for Brainiac, but at high concentrations L-fucose and to a lesser extent D-galactose was used as acceptor as well. Several parameters for the Brainiac assay with microsomal fractions were analysed for optimization. The most critical parameter was found to be the detergent solubilization. Triton X-100, Triton CF-54 and Nonidet P-40 had strong inhibiting effect on activity at 0.1 %, while n-octylglucoside at 3.4 mM (0.1 %) activated the enzyme. The pH optimum of brainiac activity was neutral (pH 7.4).
Addition of 5 to 10 mM MnCl 2 activated enzyme activity and MgCl 2 and CaCl 2 had no effect, while presence of EDTA destroyed the activity.
The product of Brainiac with Man 1-MeUmb was determined by NMR analysis to be GlcNAc 1-3Man 1-MeUmb, as follows. As shown in Figure 2, (Table III) brainiac was not active with hen egg albumin tested as previously described (19) indicating that highmannose and hybrid type N-glycans do not serve as substrates (data not shown).
On the other hand, the core dihexosylceramide (CDH) of glycosphingolipids from flies (diptera), including D. melanogaster, and nematodes, including C. elegans, has been reported to be Man 1- The acceptor substrate specificity of Brainiac with various mono-and disaccharides and aglycon derivatives revealed clear preference for -linked mannose (Table I) GlcNAc residues (e.g., Gal 1-3GalNAc 1-4GlcNAc 1-3Gal 1-3GalNAc 1-4GalNAc 1-4GlcNAc 1-3Man 1-4Glc 1-Cer) (20;24) . Since brainiac showed poor activity with disaccharide structures containing internal n-acetylhexosamine and no activity with the disaccharide Gal 1-3GalNAc 1-benzyl it appears unlikely that brainiac also catalyses the addition of the outer GlcNAc residue (Table I) . 3GlcNAc-transferases (Fig. 4) . This provides strong support for the proposed role for brainiac in glycosphingolipid biosynthesis from a functional perspective.
The proposed function for brainiac in Drosophila glycosphingolipid biosynthesis implies that brainiac mutants may lack extended glycosphingolipids. Drosophila does not appear to have close brainiac homologs, which would be predicted to have similar functions (Fig. 8) . More distant Drosophila homologs group independently or with vertebrate orthologs known to represent 3galactosyltransferases. It is therefore possible that this class of glycosphingolipids cannot be produced in brainiac mutant animals. Brainiac is required in the germ-line during oogenesis and is also expressed zygotically. At present it is not technically feasible to isolate sufficient numbers of maternally and zygotically mutant animals to permit analysis of the glycosphingolipid composition.
Failure to extend glycosphingolipids beyond MacCer could also lead to lack of acidic and zwitterionic glycosphingolipids in Drosophila, which contain glucuronic acid linked to galactose residues and phosphoethanolamine linked to GlcNAc residues (8;24). Charged residues, glucuronic acid and sialic acids, of glycoconjugates are important for biological functions in vertebrates (33) , and it is likely that glucuronic acid and phosphoethanolamine exert important functions in Drosophila as well.
The large vertebrate 3glycosyltransferase family homologous to brainiac (29) (Fig. 8) 3Gal-T3 was originally erroneously proposed to function in lactoseries synthesis (36) , however, 3Gal-T3, renamed as 3GalNAc-T1, is unique and functions in globoseries glycolipid biosynthesis forming GalNAc 1-3Gal 1-4Gal 1-4Glc 1-Cer (37) . Surprisingly, a recent report indicated that this gene was essential in mice (38) . However, the orthologous gene in man is inactivated in healthy individuals of the rare P k blood group (39) . 3Gal-T4 is also unique and functions in ganglioseries glycolipid biosynthesis forming Gal 1-3GalNAc 1-4Gal 1-4Glc 1-Cer (18;40). Again, 3Gal-T6
was originally erroneously reported as 3GnT with a 3GlcNAc-transferase activity similar to brainiac Tables   Table I. Substrate specificities of Brainiac 1-3-N-acetylglucosaminyltransferase Table II . Kinetic properties of Brainiac 1-3-N-acetylglucosaminyltransferase 
